, the advantages of the method must be carefully balanced against the disadvantages. Apart from the pain and inconvenience of using needle electrodes in this way, such side effects as headache-presumably due to leakage of cerebrospinal fluid-and transient pyrexia have been described (Ertekin, 1976) . A more serious problem is the difficulty in manipulating the electrode so that, after penetrating the extremely tough dura mater and the less dense arachnoid mater, its tip can be brought to lie within the relatively small confines of the subarachnoid space overlying the cord. While accepting the absence of any permanent neurological deficits reported to date, there is obviously a risk that the electrode may advance too far and either penetrate or bruise the cord. Indeed, the description of sensory symptoms referred to a level caudal to the penetration and the surprisingly large amplitudes of some of the evoked potentials that have been recorded (up to 440 ,tV; Ertekin, 1976) are
The first successful attempt at recording evoked potentials in the human spinal cord appears to have been that of Magladery et al. (1951) who were able to identify several components in the response. The recording technique used by these authors involved the insertion of stiff wire electrodes into the subarachnoid space at different vertebral levels. Although a similar approach has since been used by other workers (Ertekin, 1973; Caccia et al., 1976) , the advantages of the method must be carefully balanced against the disadvantages. Apart from the pain and inconvenience of using needle electrodes in this way, such side effects as headache-presumably due to leakage of cerebrospinal fluid-and transient pyrexia have been described (Ertekin, 1976) . A more serious problem is the difficulty in manipulating the electrode so that, after penetrating the extremely tough dura mater and the less dense arachnoid mater, its tip can be brought to lie within the relatively small confines of the subarachnoid space overlying the cord. While accepting the absence of any permanent neurological deficits reported to date, there is obviously a risk that the electrode may advance too far and either penetrate or bruise the cord. Indeed, the description of sensory symptoms referred to a level caudal to the penetration and the surprisingly large amplitudes of some of the evoked potentials that have been recorded (up to 440 ,tV; Ertekin, 1976) recording.
An alternative and less hazardous approach, which still enables responses of reasonable amplitude to be obtained, is that described by Shimoji et al. (1971) ; in this technique fine flexible wires are introduced into the epidural space through an anaesthetic needle of the Tuohy type.
The third approach, and the one which has been employed in the present study, is to use surface recording electrodes. This method was first used by Liberson and Kim (1963) but more recently has been developed and successfully exploited in Cracco's laboratory (Cracco, 1973; Cracco et al., 1975) . In the present study it will be shown that in suitable normal subjects the method is capable of yielding technically satisfactory responses. By taking advantage of the anatomical features of the lumbosacral region, in which substantial lengths of dorsal and ventral root fibres are available for study below the termination of the cord, it has been possible to determine the origins of the major components of the evoked response.
Subjects and methods
Experiments were conducted on 15 healthy volunteers of both sexes, aged 2 to 49 years; some were examined on several occasions. Informed consent was obtained before investigation from each of the subjects (or their parents) and the experimental procedure had the approval of the Ethics Committee of the Research Advisory Group at McMaster University. During the recording the subjects lay supine on a couch in a room maintained at 22OC-25oC; the legs were not warmed and they rested on pillows so that the knees were flexed by about 600.
STIMULATION
In most experiments the tibial nerves of both legs were stimulated simultaneously. The electric shocks were delivered through pairs of relatively large electrodes (30 mmX40 mm) made of lead; on each leg one electrode was placed on the skin overlying the popliteal fossa and acted as a cathode; the anode was attached just below the patella. Rectangular voltage pulses, 0.5 or 1 ms in duration, were delivered from a Devices Ltd stimulator type 3072. The stimuli were given at a rate of 0.5 Hz or less determined by a digital timing device (Devices Ltd digitimer type 32090). Because of difficulties encountered through the recording of the electrocardiogram (ECG), the digitimer was triggered from the ECG and the command pulse to the stimulator was delayed until the ECG had entered an isoelectric phase.
RECORDINGS
The recording electrodes consisted of chlorided silver strips, 50 mm long and 6 mm wide, coated with conducting cream. After the skin had been prepared by rubbing with alcohol and then with conducting cream, the impedance of a pair of electrodes on the skin was less than 10 k52. The electrodes were arranged on the back so as to lie transversely across the midline at levels of identified spinous processes. The reference electrode was placed at T6 spinous process since at this level the response evoked by stimulation of the tibial nerve was quite small while involuntary activity in the paraspinal muscles was least troublesome. Recordings could be made from up to four stigmatic electrodes simultaneously. H reflexes and M waves were monitored by two silver strips 30 mm X 6 mm, fastened to the skin over the soleus muscle. Two large lead plates acted as ground electrodes and were attached to the lateral aspect of each thigh. In some experiments evoked potentials were recorded from the leg area of the contralateral somatosensory cortex using conventional techniques described elsewhere (Giblin, 1964 Figure 1 (left) shows the distribution of the evoked potentials throughout the length of the spinal cord in a 49 year old man, after stimulation of both tibial nerves at intensities maximal for the H reflexes. For this experiment only, two reference electrodes were used and were attached to the lobes of the ears. An evoked response could be easily distinguished at the levels of the Ti 1, L2, and SI spinous processes but at T6 it had declined to approximately 20% of its maximal amplitude. At more rostral levels the response could no longer be seen; the nature of the small late positivity in the recordings at C2 and C5 spinous processes was not investigated but a cerebral origin was suspected. The possibility of simultaneously recording from the somatosensory cortex and from the lumbosacral region was exploited in only a few of the experiments and an example is shown in Fig. 1 (right); in this case the conduction time between T12 spinous process and cortex was approximately 12.5 ms.
A more thorough analysis of the distribution of the evoked responses within the lumbosacral region is given in Fig. 2 (upper). It can be seen that the potentials were largest at T12 spinous process, where they consisted of a complex negative wave followed by a prolonged positivity. An attenuated negative potential, but without a succeeding positivity, was present at T9 spinous process. In a caudal direction, large potentials were present at L2 but at L4 and SI spinous processes the potentials were noticeably different in that the initial negative response began earlier and was clearly separated from a later negative wave.
In another experiment on the same subject used for the recordings in Fig. 2 (upper), it was possible to study the configuration of the potentials evoked at T 12 and SI spinous processes in more detail (Fig. 2, lower) . At T12 it could be seen that a small positivity preceded the first negative deflection. The negativity itself was revealed as a complex wave containing three components. Although these records were taken from a 2 year old boy, similar but less well-demarcated components were found in recordings from adults, as in Figs summation when the two limbs were stimulated simultaneously. It should be noted that the peak of the negative wave, corresponding to the third negative component, had a similar latency between T6 and L2 levels (Fig. 1, left and Fig. 2, upper) .
Summation of the evoked potentials was equally evident when an examination was made of the responses at SI after stimulation of either or both legs (Fig. 2, lower) . At this level also it was apparent that the first negative wave was preceded by a small positivity. As in Fig. 1 (right) the evoked activity began earlier at the more caudal level, the latencies of the initial negativity in Fig. 2 being 4.3 ms and 5.5 ms respectively at the SI and T12 levels. After the second negative wave at SI there was a positive wave, well seen in Fig. 3 , which had a shorter duration than the late positivity at T12 spinous process. Finally, there was a rather small rounded negative wave which is also evident in Figs. 1 (right), 2 (lower), and 3 (upper and lower).
LATENCY MEASUREMENTS
The Table shows the latencies of evoked responses, measured to the onsets of the initial negative deflections at SI (or L5) and T12 levels. It was not possible to make these measurements with a resolution greater than 0.25 ms. Since the mean difference in latency between the two levels was about 2 ms, the error due to the combined measurement could have amounted to 25%. For the 14 adults and older children the mean response latencies at L5/S1 and at T12 levels were 8.8 and 10.6 ms respectively. These values corresponded to mean conduction velocities of 67.1 m/s from the knee to L5/S1 and of 80.6 m/s between L5/S1 and T12 spinous processes. In the youngest subject, a 2 year old boy, impulses were conducted between S1 and T12 levels with a maximum velocity of 40 m/s, a value well below the lower limit found for adults (54 m/s Fig. 3 .
At T12 it can be seen that in both subjects there were substantial negative and positive waves at stimulus intensities which were subthreshold or just threshold for motor fibres. These observations indicate that the potentials were evoked by activity in sensory fibres rather than by the consequences of antidromic impulses in motor nerve fibres. As the stimulus intensity was raised so as to excite a larger proportion of the motor fibres, the H reflex declined due to collision between the reflexly elicited and antidromically conducted impulses in the motor axons (Magladery and McDougal, 1950) . Such stimuli would be expected to excite increasing numbers of afferent fibres in addition to motor fibres, and this is presumably why the evoked responses showed further growth (Fig. 3, upper) .
At SI the initial positivity and negativity were closely related to the stimulus intensity. As at the T12 level, substantial responses were present with stimulus intensities below threshold for motor fibres, indicating that they had been induced by activity in sensory fibres. The second main negative component paralleled the H reflex, being largest when the latter was maximal and declining as the stimulus intensity was raised further (Figs.  3 and 4) . This behaviour strongly suggested that the later negative wave was largely due to a reflex volley of impulses in motor fibres. In adults, however, this wave never completely disappeared even when the H reflex had been eliminated by stronger stimuli (Fig. 4) . This discrepancy suggests that there may have been a small component with an origin other than the H reflex volley. Also visible in the upper record of Fig. 3 (arrow) is a small negative wave at the termination of the initial large deflection (see Discussion).
RESPONSES TO PAIRED STIMULATION
In subjects yielding good responses the effects of paired stimulation were studied. For conditioning test intervals of 3 ms or less a subtraction technique (see Kopec et al., 1978) was used to reveal the test response alone from the overlapping responses from the two stimuli. In Fig. 5 (upper Discusion) was now present at T12. At this interval the second negative deflection, reflecting the reflex discharge in ventral root fibres, was present. At 10-30 ms intervals the main negative deflection at T12 spinous process was still diminished in relation to the control response to a conditioning stimulus (bottom trace in Fig. 5, lower) . Interestingly, the slow positive wave did not demonstrate such prolonged refractoriness for the responses to conditioning and test shocks were found to summate at intervals of 3-10 ms (Fig. 5, lower) . The second negative wave at SI level, although present at conditioning test intervals of 3-5 ms, was absent at intervals of 10-15 ms, and was again present at 20-30 ms.
Discussion
The lumbosacral region was chosen for this study because it afforded the possibility of differentiating impulse activity in the long roots of the cauda equina from postsynaptic responses at more rostral levels. A similar approach was used in the pioneering study of Magladery et al. (1951) but until now does not appear to have been repeated in a systematic manner. The findings of the two studies appear remarkably similar and can be discussed with the help of Fig. 6 which shows, in diagrammatic form, the responses recorded at T12 and SI levels after tibial nerve stimulation at intensities maximal for the H reflex and M wave respectively. There can be little doubt that the first negative deflection with its small antecedent positivity (DR, DC in Fig. 6 ) is caused by action potentials conducted in sensory fibres which are running in the dorsal roots (at SI) and then in the dorsal columns (at T12 level). Thus the potential is present when only sensory fibres are activated, it is largest over the cauda equina, and a corresponding intramedullary spike potential has been identified in recordings from the dorsal surface of the cord in other mammals (Gasser and Graham, 1933) . The difference in latency between the two spinal levels would be compatible with the conduction of impulses with a velocity of about 80 m/s. While the full triphasic form of the afferent volley is evident at SI, the concluding positive wave is obscured by succeeding negative waves at T12 spinous process. It is not clear, however, why the absolutely refractory period should be as long as 3 ms for most dorsal root fibres (or even longer, taking into account impulse slowing during the relatively refractory period) since peripheral nerve axons of comparable conduction velocities have values in the 0.4-1.0 ms range (Gilliatt and Willison, 1963; Lowitzsch and Hopf, 1972) . A possible site for increased refractoriness in sensory axons would be their junctions with the dorsal root ganglion cells.
The second main negative deflection at SI level can also be identified with confidence. The fact that its latency is longer than that of the dorsal root volley, the proportional correspondence between its amplitude and that of the H reflex as the stimulus intensity is varied, and its presence over the cauda equina, all indicate that this potential is a reflexly elicited volley in the ventral root fibres (VRr in Fig. 6 ). It is interesting that, unlike the findings of Magladery et al. (1951) , the VRr potential was never recorded without a DR wave being present. The explanation for this discrepancy can only lie in the different methods of recording in the two studies; although the responses in the dorsal and ventral roots were much smaller in the present investigation, their relative sizes would not have been so susceptible to variation through inconsistencies in electrode placement as when intrathecal recordings were made. In adults, as opposed to young children, it is possible that a small part of the second negative wave at SI spinous process is due to electrotonic conduction of the Nlbpotential (see below) from the termination of the spinal cord. This possibility is suggested by the observations that the wave does not completely disappear when the H reflex is suppressed by strong stimuli and that the latency to the peak of the second negative wave at SI corresponds to that of the NIb potential at T12 level. In contrast to the two potentials already considered there is doubt concerning the origin of the small negative wave at SI which can be seen at the conclusion of the first main negative wave when large stimulus intensities are used. Magladery et al. (1951) , who also described this potential, believed it to be the antidromic volley in amotor fibres in the ventral roots. However, the potential is very much smaller than the H reflex volley in the ventral roots (VRr) whereas it should be larger, since more fibres would be excited. Also, the latency of this potential is almost double that of the DR deflection whereas the maximum conduction velocity of a-motor fibres in the leg is only about 10% less than that of the IA fibres (Magladery et al., 1951 ); a greater difference in velocity was, however, found by Eisen et al. (1977) Fig. 6 ), which follows N1 and was originally described by Gasser and Graham (1933) , is now known to be due to synaptically mediated depolarisation of the terminals of the incoming sensory fibres (Wall, 1958 the primary afferent depolarisation (PAD) of Eccles et al. (1962) , is responsible for presynaptic inhibition. It is known that this activity can be conducted electrotonically along the dorsal roots, and this may explain the late positivity recorded at S1 level. Both the N1 and P-waves are largely due to activity in cutaneous afferent fibres, the muscle afferent fibres making a smaller contribution (Bernhard, 1953 
